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Abstract 


More modern and larger wind turbine (WT) generators are under continuous 
development. These exhibit more faults than smaller ones, which becomes critical 
offshore. Under this framework, operation and maintenance (O&M) is the key to 
improve reliability and availability of WTs, where condition-based maintenance 
(CBM) is currently seen as the preferred approach by the early detection and 
diagnosis of critical faults for WTs. The induction generator is one of the biggest 
contributors to failure rates and downtime of WTs, together with the gearbox and 
the drive train. In the present chapter, current signature analysis (CSA) will be 
introduced as a means for fault detection of WTs. CSA is a cost-effective and 
nonintrusive technique that can monitor both mechanical and electrical faults 
within the induction generator, as well as bearing- and gearbox-related faults. 
Different test cases of in-service wind turbine generators will be used to illustrate its 
usefulness. 


Keywords: condition monitoring, current signature analysis, DFIG, wind turbine, 
operation and maintenance, predictive maintenance, drive train 


1. Introduction 


Wind energy is currently the most mature, cost competitive and cost-efficient 
source of renewable energy. This has been proven through the levelized cost of 
electricity (LCOE), which is a very common measure to define the cost of any sort 
of electricity generation. The historical evolution of onshore and offshore wind 
LCOE is shown in Figure 1. As can be seen, the LCOE has continuously decreased 
during the past few years both for onshore and offshore wind power generation. 
Offshore wind has experienced a bigger drop than onshore, although it still shows a 
significantly higher LCOE. 

With over 590 GW of wind power installed globally, the market intelligence of 
the Global Wind Energy Council (GWEC) expects over a 55 GW per year global 
increment of new installations (combining both offshore and onshore wind) until 
2023 [1]. In the present scenario, China leads the onshore sector, followed by the 
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Figure 1. 
Evolution of the LCOE for global onshore and offshore wind energy generation from 2010 to 2018. 
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Figure 2. 
Distribution of cumulative installed onshore and offshore wind energy capacity. 


USA, Germany, India and Spain. The offshore sector is led by the UK, followed by 
Germany and China. The distribution of the top 10 countries with onshore wind 
power installed and the top 3 for offshore installations can be seen in Figure 2. 


1.1 Reliability and availability 


New sophisticated multi-MW wind turbines are constantly being developed 
[2-4], both for onshore and offshore applications [5]. Such rapid growth entails 
significant challenges that need attention from researchers and the industry [6]. In 
fact, more failures have been observed in large wind turbines than the small ones 
[7-9]. Current availability figures for onshore and offshore wind farms are found to 
be 97 and 85%, respectively [10, 11]. Accessibility issues and higher uncertainty are 
the reasons for the lower availability of offshore than the onshore. 

Understanding which components are the most critical of a WT is the key to 
develop specific condition monitoring (CM) systems that will enhance O&M of 
wind farms, thus reliability and availability of WTs. To this end, this section pre- 
sents the results published in the main failure rate and downtime surveys conducted 
in Europe, the USA and China. The major characteristics of these studies are 
summarised in Table 1, and the failure rate and downtime results presented in 
Figure 3. 

As can be seen in Figure 3, both the electric and the control systems show the 
largest percentages for failure rates across the different studies (up to 32 and 42%, 
respectively) while hub and blades and gearbox for downtime (up to 38 and 56%, 
respectively). Medium percentages of failure rates and downtime are obtained for 
the generator, pitch and hydraulic systems. The braking system and drive train 
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Survey Year Location WT number WT capacity On-/offshore 
Acronym Published [Mw] 
AWE [12] 2016 Europe 2270 (av) 1-3 Onshore 
CWEA [13] 2016 China — — — 
CARR [14] 2015 Europe 350 2-4 Offshore 
B&W [15] 2014 UK — 2.3 Onshore 
CREW [16] 2013 USA 800-900 1.3-1.4 — 
EZ [17] 2012 Netherlands 36 3 Offshore 
RELI [18] 2011 Europe 350 >0.8 Onshore 
VTT [19] 2010 Finland 72 0.2-2.3 Onshore 
LWK [8] 2008 Germany 158-643 0.2-2 Onshore 
WSDK [20] 2007 Denmark 851-2345 0.1-2.5 Onshore 
WSD [20] 2007 Germany 1295-4285 0.1-2.5 Onshore 
SW [7] 2007 Sweden 624(av) 0.5-1.5 Onshore 
WMEP [9] 2006 Germany >1500 = Onshore 
Table 1. 


Characteristics of the main wind turbine reliability and availability surveys conducted in Europe, the USA and 
China. 


present low failure rates but medium-to-high downtime. The sensors and structure 
categories present low values for both failure rates and downtime. Without consid- 
ering the others category, the main contributors to failure rates across the different 
studies are hub & blades, electric, control and pitch systems. Similarly for the 
downtime, these are the gearbox, generator, mechanical brake and electric system 
assemblies. 

If the main contributors both to failure rates and downtime are considered, then 
the control system, gearbox, electric system, generator and hub and blades could be 
considered the most critical components of wind turbines. Thus, special attention 
should be given to these components with regard to condition monitoring and 
O&M. 


1.2 Operations and maintenance 


One of the main leading costs of the wind farm’s total expenditure belongs to 
O&M activities [12], representing between 25 and 35% for onshore and offshore 
wind farms, respectively, of their lifetime costs [21-23]. It is thus clear that reduc- 
ing O&M costs would be beneficial for wind farm owners and operators. 

Maintenance strategies can be typically classified as [21, 24] time-based (TBM), 
failure-based (FBM) and condition-based. TBM is formed by preventive tasks, also 
referred to as scheduled maintenance, and it is carried out regardless of the health 
state of the WT. FBM involves corrective actions, only performed after a critical 
failure has taken place, thus usually causing long downtime periods. CBM, on the 
other hand, is a predictive type of maintenance. CBM takes place only when there is a 
need but before a critical failure occurs, with the consequent saving in resources and 
downtime, thus achieving the optimum strategy [25, 26]. The different maintenance 
strategies are illustrated in Figure 4. Traditionally, a combination of TBM and FBM 
has been the preferred option among wind farm operators [17]. Lately, however, the 
trends are shifting towards CBM, which is performed through appropriate condition 
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monitoring, recognised by [27, 28] as the key for optimised reliability and availability 
of wind turbines while achieving cost reduction in O&M [29, 30]. 
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Failure rates and downtime of several wind turbine reliability and availability studies spread in Europe, 
the USA and China. 
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Figure 4. 
Maintenance strategies. 


1.3 Condition monitoring 


CM consists of analysing different types of signals (such as temperature, vibra- 
tions, electrical measurements, etc.) with the aim of assessing the health of the 
component under study [24] towards calculating its remaining useful life (RUL) 
[31]. In this context, the implementation of CM systems must enable early-stage 
fault detection, so that CBM can be implemented, thus significantly reducing or 
even eliminating unscheduled (or unplanned) maintenance costs [32, 33]. Many 
CM and fault diagnosis reviews have been published in the last 15 years that include 
the latest CM methods [34, 35]. These can be classified per WT subsystem [36, 37] 
and differentiated between structural [38], mechanical [39], power electronics and 
control systems [40] or electrical parts [41-43]. 

Current commercial CM systems mainly target the WT drive train (particularly 
the gearbox) and are based on vibrations and oil analysis. The first ones to appear, 
and therefore the most common, were based on oil analysis. These systems, in 
addition to providing information on the status of the oil, are also capable to inform 
about the gears. They detect ferrous and non-ferrous particles, where the presence 
of ferrous particles is indicative of gear wear, while the presence of non-ferrous 
particles indicates oil degradation. Soon, a lot of research emerged based on vibra- 
tion analysis, targeting the gearbox and bearings in the drive train. This type of 
analysis was adapted from other industries with rotating machinery. The latest 
commercial CM systems to appear were based on SCADA data. There are a large 
number of scientific publications utilising different parameters acquired by the 
SCADA system able to provide information of several components of the WT 
[44, 45]. Less common CM systems are based on acoustic emissions, strain gauges, 
thermographic analysis, etc. 

On the other hand, with a non-negligible number of world-wide wind farms 
reaching the end of their expected 20-year lifetime [46], the field of lifetime exten- 
sion (LTE) of wind turbines is gaining attention, where CM will also play a key 
role [47]. Different approaches are found for LTE of WTs such as practical inspec- 
tions, field data analyses or analytical simulations. The authors in [48], for example, 
have identified data-driven approaches as the most cost-effective with large 
number of WTs. 


1.4 Motivation 


Data collection and analysis is not straightforward. There are many different 
techniques for signal processing and feature extraction, and, to date, no agreement 
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has been established on which CM system is the most appropriate for specific 
components or assemblies. Furthermore, most of the techniques and methods 
developed for CM of WTs have only been applied on laboratory benches. In fact, 
with regard to the generator, despite being one of the most critical components in a 
WT, no commercial CM system has yet been developed that can provide exhaustive 
information about its health status. 

The goal of the present chapter is to present a CM method based on electrical 
measurements that can detect different generator faults and has been implemented 
on in-service operating WTs. CM methods based on electrical measurements can be 
performed using current, voltage, instantaneous power and flux analyses [49]. Of 
these, stator current spectral analysis (Current Signature Analysis, CSA) is 
recognised as the preferred option [50-52], thus chosen for this book chapter. 


2. The method: current signature analysis 


CSA is a nonintrusive method capable of identifying electrical and mechanical 
faults in a cost-effective manner [53-55]. It is based on the principle that different 
faults have different effects on the current spectra. It can be implemented on 
doubly-fed induction generators (DFIGs), which are the most common technology 
on variable speed WTs. 

As reported in [56], bearing-related faults are the most common in WT genera- 
tors, representing 59% of the total share, followed by stator faults with 28% and 
then rotor faults with 9% (the remaining 4% assigned to ‘others’). These faults 
produce excessive heating, flux unbalance, voltages and/or phase current unbal- 
ance, decreased average torque, etc., thus negatively affecting the generator’ effi- 
ciency [57]. Fault frequency components related to such faults are well known and 
have been demonstrated in different industries in different kinds of induction 
machines, including a few specific cases in WTs very recently [58-60]. The formu- 
lae to obtain the above-mentioned fault frequency components are presented in the 
following sub-sections. 


2.1 Broken rotor bars, f pp, 


Broken rotor bars produce an asymmetry in the rotor electric and magnetic 
fields. As a result, frequency components appear in the stator current that generate 
speed fluctuation interacting with the supply frequency [61]. Fault frequency com- 
ponents in the presence of broken rotor bars can be calculated as [61-63] 


ferg =f, + 2f, (1) 


with f, the supply frequency and s the slip. 

It must be noted that certain degree of asymmetry will always be present in any 
induction machine (e.g. introduced in manufacturing); thus, the only presence of 
the components described in Eq. (1) may not indicate such fault. In order to 
differentiate between fault and no fault, the authors in [63-65] have identified the 
minimum difference between the amplitudes of such frequency components and 
the supply frequency that must be found. 

Frequency components given by Eq. (1) appear near the supply frequency and 
overlap with different types of faults. For these reasons, different frequency 
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components have been developed by different authors that facilitate the identifica- 
tion of broken rotor bars, given by [66-68] 


oe (=) | (2) 


with x the harmonic index (x = 1,2,3, ...) and p the number of pole pairs. 
Based on typical winding configurations, the authors in [52, 69] stated the relation 
Kip = 1,5,7, F7. 


2.2 Stator winding, f sw 


Stator winding faults normally develop from inter-turn short circuits [68, 70], 
where a negative magnetomotive force appears in the windings. As a result, the air- 
gap flux changes, thus inducing harmonic frequencies in the stator current. Fault 
frequency components related to stator winding fault are given by [68, 70, 71] 


imar EH o 


with n = 1,3,5, .... 


2.3 Bearing faults, f pp 


The mechanical displacement that takes place in the case of radial movement 
between rotor and stator originated with defective bearings results in frequency 
components in the stator current given by [50, 72] 


fee = fs £ foil (4) 


with f , ; referring to bearing outer and inner race fault, respectively, calculated 
as [52, 73, 74] 


f= oant (5) 


£= ont E (6) 


with N, the number of bearing balls. These equations are simplifications valid 
for 8-12 ball bearings. 


2.4 Gearbox faults, f .,, 


Gearbox damage can be of different nature, originating from a gearbox bearing, 
shaft, gear or pinion or a combination of them [53]. Therefore, different frequency 
components associated with a faulty gearbox can appear in the current spectrum. 
The authors in [75] identified frequency components related to damaged teeth, 
scoring and debris as 
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feex =f (1 + a) (7) 


with G, the gearbox ratio. 
The most typical gearbox faults, however, are those related to shaft and gear 
faults [53, 76-80], calculated as Eqs. (8) and (9), respectively: 


Taa =f, + If Shaft (8) 
came =f, + Phish (9) 


with f Shaft the gearbox shaft rotating frequencies (with i = 1, 2,3...) and fijen 
the gear mesh frequency (with j = 1, 2,3, ...,i—1). 


2.5 Eccentricity, f pcc 


There are two main groups of fault frequency components associated to eccen- 
tricity faults [81]: high- and low-frequency components (HF and LF, respectively). 
HF components are calculated as [69] 


1-s 
feccur =f, EV + (KR Ena) EJ (10) 


with R the number of rotor slots, ng the eccentricity order (n4 = 0 for static 
eccentricity and nz = 1, 2,3, ... for dynamic eccentricity) and v the order of stator 
time harmonics (v = 1, 3,5, 7, ...). 

Load torque oscillations and load variations do not affect these HF components 
as much as they affect LF components [81], and they can also separate the spectral 
components of air-gap eccentricity from broken rotor bars. However, it is necessary 
to know specific information of the induction machine under study [69]. 

LF components, on the other hand, appear near the supply frequency, and 
its magnitude increases in the case of mixed eccentricity. They can be calculated 
as [69] 


1 = 
feco.r =f, r rf, ri (11) 


2.6 Rotor asymmetry, f pps 


Rotor mechanical asymmetries such as broken rotor bars, faulty end rings, etc. 
give rise to new frequency components in the stator current spectra [82-84] that 
can be calculated as 


f res =f; E 2ks) (12) 


2.7 Rotor unbalance, f py 


The authors in [85, 86] present a comprehensive analysis of the origins of rotor 
winding or brush gear unbalance faults, developing their associated analytical 
expressions. In their study, they identify separately health- and fault-related 
frequency components, calculated as Eqs. (13) and (14), respectively: 
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furu =f \6x(1 — s) =] (13) 


frru =f, 


a-s (14) 
P 

with x the harmonic constant for air-gap field space (x = 1, 2,3, ...) and/ the 
supply time harmonic one (l = +1). 


2.8 Summary of fault-related frequencies and discussion 


A summary of all fault-related frequency components is provided in Table 2. 

The fault frequency components associated to the most common faults and their 
possible root causes have been presented. As can be seen, certain defects might 
produce other defects with the same effect on the current spectra. That is the case 
for the change in the air-gap flux caused by a fault in the stator winding (given by 
Eq. (3)), resulting in air-gap eccentricity (given by Eq. (11)), i.e. substituting 
Eq. (3) with n = 1 gives Eq. (11). 

In the same way, stator winding impedances produce asymmetries that cause a 
resultant backward rotating field, thus affecting the rotor currents [73]; this is to 
say that faults originating in the stator will influence the rotor and vice versa. In 
fact, deriving from Eq. (3), the same components are obtained than those given by 
Eq. (14) with J = 1. 

Further to fault-related frequency components, a number of frequency compo- 
nents that are non-fault related will appear in the stator current spectra of a healthy 
machine. That would be the case for the stator carrier frequency (i.e. the frequency 


Fault Formula Eq. label Constants 
Broken rotor bar foam =f, +25, (1) 7 =1,9,7 
fers =f, k) T s| (2) 
S indi =s = 1,2; 
tator winding few =f, [« (254) $ n| (3) K 3 
n = 1,3,5 
Bearing damage far=Fe+ fol (4) k=1,2,3 
fo = 04N, 4E (5) 
fi = 0.60,42 (6) 
Gearbox damage fex =f, + elél (7) k= 1,2,3 
Í FShaft =f, +f; Shafi (8) 
Finis =f, = KP Mesh (9) 
Air-gap eccentricity frecur =Í, [+v + (KR +n) 1] (10) na = 0,1,2,3 
v=1,3,5,7 
5 11 =1,2, 
feccrr =f (1 + xis) am K 3 
Rotor asymmetry fors =f (1 + 2ks) (12) k=1,2,3 
Rotor unbalance furu =f |6x(1—s) 1| (13) K=1,2,3 
feru =f; -s)| (14) 1=1,2,3 
Table 2. 
CSA formulae. 
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Figure 5. 
Spectrum patterns of DFIG under healthy conditions and different fault conditions. (a) Healthy, (b) Rotor 
Electrical Unbalance, (c) Rotor Mechanical Unbalance, and (d) Rotor Winding Fault. 


of the grid, f .) and its odd and even harmonics (2f ,, 3f ,, 4f,, 5f, ....), which are 
normally present in the spectrum but are not indicative of fault. Another compo- 
nent that will be present in the case of a DFIG, and is not a fault indicator, is that 
corresponding to the difference between the stator carrier frequency (f,) and the 
rotor carrier frequency (ftor) [58, 59]. This component will appear to the right of f, 
when the DFIG operates at a super-synchronous speed (with negative slip). Con- 
trarily, it will appear to the left of f , at sub-synchronous speed (positive slip). 
Finally, as previously mentioned, frequency components given by Eq. (13) are not 
indicators of fault either. 

All this highlights the fact that stator current spectra interpretation is not 
straightforward. Furthermore, fault frequency components are dependent on the 
rotational speed; thus the potential fault frequency components must be calculated 
for each operating condition. In order to exemplify in a schematic way typical CSA 
patterns, some are depicted in Figure 5, including that of a healthy DFIG spectra. 


3. Case studies 


This section presents the diagnosis of three different in-service WTs equipped 
with DFIGs using CSA. The WTs were located in different sites, thus belonging to 
different wind farms. Their rated power, number of pole pairs and generator tech- 
nology vary from one another, as well as the monitoring period and sampling 
parameters. Table 3 summarises the rated power (in kW), the monitoring period 


DFIG1 DFIG2 DFIG3 
Nominal power [kW] 850 1500 1500 
Monitoring period [months] 8 17 1 
Sampling frequency [kHz] 1.5 1.5 12 
Sampling time [s] 5.4 5.4 10.9 


Table 3. 
Main characteristics of the three databases used for the analysis. 
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Figure 6. 
Drive train diagram with location of sensors in the DFIG. 


Sensor location Label 


Stator current phase a Lest 


Stator current phase b 


Stator current phase c 


Rotor-side converter current phase a Liw 


Rotor-side converter current phase b 


Rotor-side converter current phase c 


Table 4. 
Type of signals used for the analysis. 


(in months) and the sampling parameters (sampling rate, in Hertz, and sampling 
time, in seconds) for each WT DFIG presented in this study. 

The data used for the various analyses were extracted from three databases. 
These comprise currents from sensors located in the induction generator, the stator 
side and the rotor-side converter, as depicted in Figure 6. The electrical measure- 
ments used according to Figure 6 are summarised in Table 4. 


3.1 Analysis of DFIG1 


DFIG1 has two pole pairs, with 1500 rpm rated speed. A test case with the WT 
operating nearly at full load (825 kW at 1635 rpm) with —0.0915 pu slip was chosen 
to illustrate the analysis. The negative slip sign is the convention for super- 
synchronous speed. Under these operating conditions, all possible fault frequencies 
(as per Table 2) were calculated, and peak search and identification were 
performed in the current spectra, as shown in Figure 7. 

The supply frequency (50 Hz) and its harmonics (both odd and even) are clearly 
seen in the spectrum. Another peak naturally present in the spectrum is that 
corresponding to the difference of the main frequency of the stator and the main 
frequency of the rotor (f,_, at 54.56 Hz). Then, up to four pairs of f pgy can be seen, 
as well as the first pair of f ypy. Thus, based on the peaks observed in the spectrum, 
the presence of rotor electrical unbalance can be concluded. 


3.2 Analysis of DFIG2 


DFIG2 has three pole pairs, with 1000 rpm rated speed. It presented anomalous 
vibration levels in the drive-end generator bearing. With only this information, the 
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Figure 7. 
Three-phase current spectra of DFIG1 showing rotor electrical unbalance. 


Current [A(dB)] 


Frequency [Hz] 


Figure 8. 
Three-phase current spectra of DFIG2 showing rotor mechanical unbalance. 


wind farm operator decided to replace the generator bearing. Right after the 
replacement, the vibration levels decreased. However, a few days later, these levels 
rose to values similar to those prior to the replacement. Visual inspection of the 
apparently defective bearing showed no fault in the replaced component, thus, the 
generator bearing was misdiagnosed. 

A measurement with the WT operating at super-synchronous speed (1100 rpm, 
at 1100 kW power) with —0.01 pu slip was selected for this test case. Once again, 
the set of potential fault frequencies is calculated, and peak search and identifica- 
tion are carried out on the current spectra, as shown in Figure 8. 

The supply frequency (f,) corresponds to the highest peak amplitude (at 50 Hz), 
as expected. It is odd harmonics are also found (150, 250 Hz, etc.), as well as the 
difference of the stator and rotor carrier frequencies (f,_,.). With regard to fault- 
related frequency components, no peaks related to bearing fault were found (nor to 
gearbox either). Only the first pair of f pgy can be identified (thus not fault indica- 
tor). Finally, two odd pairs of f pps are seen, belonging to rotor mechanical 
asymmetries. The diagnosis achieved was, therefore, rotor unbalance of mechanical 
nature, i.e. unbalance of the high-speed shaft. 


3.3 Analysis of DFIG3 
DFIG3 has two pole pairs and 1500 rpm rated speed. It was reported with 


excessive temperature on the rotor windings. Besides, the generator bearings were 
replaced two or three times a year. With a 3- to 5-year expected lifetime for these 
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Figure 9. 
Three-phase current spectra of DFIG3 showing rotor winding fault. 


particular types of generator bearings, the idea that they were suffering damage 
from a generator fault arose. Thus, CSA was undertaken to find out the health status 
of the generator. 

Similarly to the previous studies, the whole set of potential fault frequency 
components, as per the formulae previously described, was calculated, and peak 
search and identification were carried out. To illustrate the analysis, one stationary 
measurement with the WT operating at 1245 kW and 1791 rpm with per unit slip 
—0.1941 was selected. Its spectral analysis is shown in Figure 9. 

Like in the previous analyses, odd and even supply frequency harmonics appear, 
showing, in this case, certain differences per phase for the second and third 
harmonics (2f, and 3f,, respectively). Same occurs with the frequency component 
associated to the difference between the stator carrier frequency (f,) and the rotor 
carrier frequency (f,,,,.), indicated asf, _, in Figure 9. Since the measurement was 
selected with the WT operating at super-synchronous speed, it falls to the right of f,, 
as expected. In this case, however, its reflection (denoted as fi can also be seen to 
the left off. A minimal amplitude for f’_, can sometimes be seen; however, the 
amplitude observed in Figure 9 for f._, on phases a and b is higher than expected. 
One pair noted as f „ was also found, which does not belong to any of the formulae 
previously presented. 

Regarding fault-related frequency components, three pairs were identified for 
frry. Since more than one pair has been found, it does indicate a mixed eccentricity 
fault. Finally, two odd pairs of fkes (f;_pps and f3_prs) appear in the current spectra, 
indicating a fault originating in the rotor. Unlike f ppu» nof pro pairs are expected to 
appear in a healthy machine. Hence, it is possible to conclude that DFIG3 has a rotor 
fault which has led to mixed eccentricity. 


4. Conclusions 


With the rapid growth of wind energy and development of WTs, researchers 
and the industry are facing continuous challenges. There is also the fact that the 
accessibility of offshore wind farms can be limited or restricted for several months. 
All this, together with the fact that an important share of the existing wind turbine 
fleet has already achieved its 20-year estimated lifetime, shows that availability and 
reliability of wind turbines must be developed in parallel. Furthermore, wind 
energy is expected to play a key role in the short- and long-term electricity market. 
Thus, the various technical and economical issues surrounding WTs and wind 
farms must be studied and addressed towards financially viable wind energy. 
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O&M of wind farms represents an important share of the total expenditure 
costs; therefore, it is vital to optimise the strategies implemented while increasing 
reliability and availability of wind turbines. The induction generator is one of the 
critical components of a WT, together with the drive train and hub and blade 
assemblies. Under this scenario, the use of electrical measurements to monitor the 
induction generator has been presented in this chapter. 

CSA has been chosen as the CM method for diagnosing three DFIGs of in-service 
WTs. The technique has been presented, and spectral analyses have been 
conducted. Fault frequency components related to different faults have been 
identified in the spectra of the three machines. DFIG1 was diagnosed with rotor 
electrical unbalance, DFIG2 with rotor mechanical unbalance and DFIG3 with 
rotor winding fault. CSA has thus been proven as a valid method to diagnose 
in-service WTs equipped with DFIG that can be implemented in commercial CM 
systems of WTs. 
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Nomenclature 

CBM condition-based maintenance 
CM condition monitoring 

CSA current signature analysis 
DFIG doubly-fed induction generator 
FBM failure-based maintenance 
GWEC global wind energy council 
LCOE levelized cost of electricity 
LTE lifetime extension 

O&M operation and maintenance 
RTU remaining useful life 

SCADA supervisory control and data acquisition 
TBM time-based maintenance 

WT wind turbine 
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